Electron Collision Stopping Powers at Low Energies
There is an energy below which the concept of an electron collision stopping power loses its usefulness. The lower the electron kinetic energy, the larger is the fraction of the energy lost, on the average, in a single inelastic collision. For example, it can be shown (Paretzke and Berger, 1978) that the average fractional energy loss in a collision with a water molecule in vapor is 0.5% at 10 keY, 3.6% at 1 keY, 6.4% at 0.5 keY, and 22% at 0.1 keY. The continuous-slowing-down approximation, i.e., the use of a stopping power to describe the gradual energy loss along the electron track, ceases to be meaningful at energies below several hundred eV. The evaluations of low-energy electron stopping powers found in the literature have often extended down to lower energies (typically 20 eV), but such results have significance mainly as a summary description of energy-loss cross sections at low energies.
Calculations for Gases
There have been considerable advances in recent years in the knowledge of electron-impact ionization and excitation cross sections at energies from 10 keY down to a few eV. The need for such data has arisen in two contexts: in the evaluation of semi-empirical oscillator-strength distributions such as those referred to in Table 3 .1, and in the calculation of electron energy degradation spectra which take into account the slowing down of electrons and the buildup of successive generations of secondary electrons from ionization events. The often incomplete and sparse experimental data have been supplemented by estimated cross sections obtained by theoretical modeling. The adopted cross sections have been subjected to consistency checks in the form of sum rules, and comprehensive sets of cross sections have been assembled for a number of gases. This approach, and the results obtained, have been described by Green and Miller (1974 ), Fano (1975 ), and Inokuti et al. (1976 . For atmospheric gases, cross sections have been given by Jackman et al. (1977) where references to earlier work of Green and co-workers can also be found. From knowledge of the total cross sections for ionization and excitation, and the ionization cross section differential in the energy transferred to secondary electrons, one can readily construct collision stopping powers according to Eq. 2.1.
Calculations for Solids and Liquids
Almost all of the available calculations for solids have been based on the approach of Lindhard (1954 ), Fano (1956 ), and Ritchie (1959 . The stopping properties of the medium are expressed in terms of a complex-valued dielectric-response function, f (K,w), that depends on the momentum transfer, hK, and energy transfer, hw. The collision stopping power is proportional to a double integral, with respect to K and w, over the quantity (w/K) Im [-l/dK,w) ].
In the so-called statistical model, the dielectric-response function is calculated according to the localplasma approximation (free-electron-gas model) of Lindhard (1954) , which has already been mentioned in Section 3 in connection with the evaluation of the mean excitation energy. The dielectric-response function has been calculated by Ashley, Ritchie and collaborators using a variety of models, adapted to conductors, semi-conductors, and insulators, that take into account single-electron excitations as well as collective excitations (plasmons). Whenever possible, experimental optical data were used to obtain the dielectric-response function in the limit of zero momentum transfer, f (O,w ).1 5 It was still necessary, however, to obtain f (K,w) for non-zero K through theoretical extrapolation, guided by the requirement that very large energy transfers should be described by the Rutherford cross section, or by the M~ller cross section when exchange is taken into account. Usually the contribution to the stopping power from inner-shell electrons has been evaluated with the use of theoretical generalized oscillator strengths, which is justified on the basis that the wave functions ofthe inner-shell electrons are insensitive to the state of aggregation of the medium.
Tables of electron collision stopping powers have been given by Ashley et al. (1975) 
Comparison of Stopping Powers
The case of water is especially interesting because comparisons can be made between stopping powers from different authors for water vapor as well as liquid water. In the left-hand panel of Fig. 8 .1, for water vapor, Curve 1 is from Paretzke and Berger (1978) ,16 Curve 2 ],s ((O,w) is sufficient for the calculation of the mean excitation energy, I, according to Eq. 3.6. 16 Curve 1 is the result of a calculation by Berger given in Fig. 4 of Paretzke and Berger (1978) . Tbat figure also sbows stopping-power curves obtained independently by Paretzke, and by Olivero et al. (1972) . Tbese curves are all quite similar to curves 1 and 2 in is from Green,l7 and Curve 3 is from the Bethe theory, Eq. 2.16, with I = 71.6 eV. Curves 1 and 2 both lie below the Bethe theory curve (Curve 3) above about 150 eV, but the differences are smaller than 10% down to almost 400 eV. Curves 1 and 2 agree rather closely down to about 150 eV, but diverge at lower energies. The main reason for this divergence lies with the total ionization cross section which Green took from the experiment of Schutten et al. (1966) whereas Berger relied also on those of Mark and Egger (1976) below 150 e V.
In the right panel in Fig. 8 .1, for liquid water, Curve 4 is from Kutcher and Green (1976), Curve 5 is from Ritchie et al. (1978) , Curve 6 from Ashley (1982a), and Curve 7 is from the Bethe theory with I = 75 eV. The calculations leading to Curves 4, 5, and 6 all take into account collective excitations (plasmons) and use the experimental optical data of Heller et al. (1974) on uv absorption in liquid water. Ashley constructed the dielectric-response function for liquid water from an insulator model fixed by the available optical data, and treated ionization from the K shell by theoretical generalized oscillator strengths. As explained by Ashley, the main difference between his calculation and the earlier work of Ritchie et al. consists of an improved treatment of exchange effects, which results in a lowering of the peak of the stopping-power curve at about 120 eV by 25%. The formalism for obtaining the collision stopping power in terms of the dielectric-response function is a Born-approximation theory. The uncertainties resulting from the use of this approximation could easily be 10% at 100 eV and even greater at lower energies. The peak of the stopping-power curve of Ashley (Curve 6) is 13% above the corresponding value for water vapor (Curve 1). It is not certain whether this difference is significant, because it lies within the combined limits of uncertainties for the liquid and vapor results. 
T lev Fig. 8 .2. Calculated electron mass collision stopping powers below 10 keV in hydrogen and air. Curve 1, H2 gas, Green (see footnote 17); Curve 2, H2 gas, Spencer and Pal (1978) , points (0) Pal (1978) (Curve 2). Also shown are curves obtained with the Bethe formula for H2 gas (I = 19.2 eV) (Curve 3) and for liquid hydrogen (I = 21.8 eV) (Curve 4). The results of Green and of Spencer and Pal are in good agreement down to about 30 eV; both of these results deviate significantly from the Bethe theory only below about 200 eV. Also shown in Fig. 8.2 is a stopping-power curve for air (Curve 5) which was constructed from the results of Green l7 for N 2 , O 2 , Ar, and CO 2 , Again, there is good agreement with the Bethe formula (Curve 6) down to 200 eV. An earlier stopping-power curve for air, calculated by Green and Peterson (1968) , coincides with Curve 5 in Fig. 8 .2 down to 1 ke V, and is 10% lower at 0.1 keY. Using the Green-Peterson stopping powers and taking into account multiple elastic-scattering deflections, depth-dose curves have been calculated for an air medium irradiated by 12-keV and 5-keV electrons (Berger et al., 1970) . These results are in good agreement with measurements in air by Grun (1957) and in nitrogen by Cohn and Caledonia (1970) . (1981), are shown in Fig. 8.4 . Figure 8 .5 compares stopping-power curves for aluminum and gold from the Bethe theory with calculations of Ashley et al. (1976a) obtained with a statistical model of the dielectric-response function, without differentiating between inner-and outer-shell electrons. Also spown is a stopping-power curve for aluminum calcula ;ed by Ashley et al. (1979) with further refinements. These refinements include the limitation of the dielect ie-response function modeling to conduction electrons, consideration of damping and core polarizability, and the use of generalized oscillator strengths from Hartree-Slater wave functions for inner-shell electrons. It can be seen that the differences between the simple and refined calculations for aluminum are not very great.
,. Other comparisons and analyses of low-energy stopping-power data can be found in Iskef et al. (1980), and in Waibel and Grosswendt (1980) . An experimental investigation of electron stopping power in air and collodion 18 was carried out by Cole (1969) . For collodion, the experiment consisted of determining the foil thicknesses for which the number of electrons transmitted was 5% of that in the incident beam. For air, the experiment consisted of measuring characteristic depths such that only 1% of the ionization in air occurred at greater depths. Cole considered these foil thicknesses and characteristic depths as "ranges". With this somewhat arbitrary definition of ranges, he fitted his data for collodion and air by a single polynomial curve of range us. incident electron energy (with a stated accuracy of 10%) and obtained the stopping power by differentiating this curve with respect to energy.
Cole's results suggest that, in the case of air and collodion, gas/solid mass stopping-power differences, if any, are small. This is consistent with the later findings of Schou (1979) and S~rensen and Schou (1978) , based on the analysis of their electron penetration meCisure-IH Collodion is a plastic prepared as a suspension of cellulose nitrate in ether and alcohol. The estimated mean excitation energy of cellulose nitrate is 87.0 eV, a value rather close to that for air, 8.5.7 eV. ments in liquid nitrogen at 1 to 3 keY, that the mass stopping powers in liquid are at most a few percent higher than the mass stopping powers in gas.
The results of Cole are compared in Table 8 .1 with the stopping powers for cellulose nitrate from the Bethe theory, and for air from the Bethe theory and from the calculation of Green. I7 There is close agreement between experimental and theoretical results down to about 400 e V. Below this energy the experimental values are higher, by 19% at 100 eV and by much more at lower energies.
The significance of Cole's results is obscured by two uncertainties. First, a considerable error must have resulted from the numerical differentiation of his range-energy curve, especially at low energies. Second, his analysis neglected the effect of multiple-scattering angular deflections which make the pathlength traveled by electrons greater than the depth of penetration. Thus, multiple scattering would tend to make the apparent stopping power determined by Cole larger than the true stopping power, by an amount that is expected to increase as the electron energy decreases.
The comparisons in Figs. 8.1 to 8.5 indicate that the differences between the stopping-power values from the Bethe theory and those from more elaborate low-energy treatments are often rather small, even at energies where the conditions of applicability of the Bethe theory are no longer satisfied. Mass collision stopping power values calculated from Bethe theory (Eq. 2.16) are given in Table 8 .2 for selected materials in the energy region from 10 keY to 1 keY. We estimate that at 1 keY the departures of the correct stopping powers from the tabulated results will be no greater than about (1/7 e V) percent, where I is the mean excitation energy in eV.
